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Abstract
We report on a method for suspending two-dimensional crystal materials in an electronic circuit
using an only photoresists and solvents. Graphene and NbSe2 are suspended tens of nanometers
above metal electrodes with clamping diameters of several microns. The optical cavity formed from
the membrane/air/metal structures enables a quick method to measure the number of layers and
the gap separation using comparisons between the expected colour and optical microscope images.
This characterization technique can be used with just an illuminated microscope with a digital
camera which makes it adaptable to environments where other means of characterization are not
possible, such as inside nitrogen glove boxes used in handling oxygen-sensitive materials.
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I. MOTIVATION
The suspension of graphene and other two-dimensional (2D) materials away from con-
tact with a substrate has enabled a wide range of fundamental discoveries and applications.
Even disregarding their remarkable electronic and optical properties, the fact that these
atomically-thin materials can span large gaps allows them to be used as highly transparent
supports for transition electron microscopy [1] or as vacuum-tight seals [2]. However, when
embedded in an electric circuit, suspended 2D membranes can be used in many fundamental
studies and promising applications. The first demonstrations of the fractional quantum Hall
effect in graphene [3] [4] were done using suspended graphene membranes, where the lack of
substrate increases the electron mobility. There are numerous applications for graphene and
other thin membrane crystals in electromechanical and optomechanical systems, including as
sensors of force, strain, or mass [5, 6], and as low-voltage mechanical switches [7–9]. Hexago-
nal boron nitride (HBN) and transition metal dichalcogenides (TMDs) broaden the range of
electrical parameters available in the mechanical material, enabling access to semiconduct-
ing, insulating, metallic, and superconducting materials for optical or electrical coupling in
the design of devices or experiments [10, 11].
Fabricating and characterizing mechanical systems using suspended 2D crystal materials
can be a difficult challenge. The flexible membrane must be supported during processing,
but this support must be removed to allow the suspension, all while keeping incompatible
chemicals and processes away from the fragile membrane. Simply etching away silicon diox-
ide under graphene or TMD devices has been used in electromechanical resonators [11, 12],
however these devices have limitations compared to locally gated devices. Suspended struc-
tures using 2D materials and a recessed local electrode have been made by placing exfoliated
membranes as the last fabrication step [13, 14], however more complicated circuits may re-
quire processing after the membrane has been placed. After fabrication, characterization of
the membrane’s thickness and the suspended gap can be done using atomic force microscopy
(AFM) [15], Raman spectroscopy [16] and scanning electron microscopy (SEM) [12], however
all these have the potential to damage the membrane [17]. Some promising 2D materials
such as black phosphorus and NbSe2 are air-sensitive [18], so this characterization - if done
in air - will cause even more damage.
In this work we introduce a novel fabrication process and rapid non-destructive charac-
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terization technique broadly applicable to suspended membranes of 2D materials. Here a 2D
membrane is integrated into an electronic circuit using resists for sacrificial layers and com-
patible chemicals for further processing. The intended goal of this research is to use 2D mem-
branes in experiments exploring the quantum regime of mechanical systems [13, 14, 19, 20],
however the fabrication technique is more generally applicable. In fabricating these devices,
we require a quick, non-destructive method to characterize the thickness and suspended
height of the membranes. We introduce a generalization of the commonly used technique
thin layers on a known thickness of SiO2 over silicon [21, 22], where thin film interference
increases the graphene visibility. We extend this principle to measure both the membrane
thickness and suspended gap without damaging electron beams, high intensity lasers or the
risk of tearing due to an AFM tip. Here we use a colour camera with a white light source in
a microscope operated in reflection mode and compare the resulting images with theoretical
predictions based on the Fresnel equations.
II. FABRICATION METHODS
We prepared samples using exfoliated membranes of graphene or 2H-NbSe2 taken from
bulk crystals, thinned by several rounds of cleavage between two pieces of Nitto tape
(SPV224). The thinned membranes are transferred onto polydimethylsiloxane (PDMS)
sheets on a glass slide. We identified and located even-coloured crystals that appear thin
and unfolded using an optical microscope. The glass slide is then placed membrane-side
down in a modified mask aligner (Oriel) to position the flake accurately above a patterned
silicon/silicon dioxide wafer coated with 120 nm of polymethylglutarimide (PMGI) electron-
beam resist (Microchem). We initiated the membrane transfer from the PDMS/glass slide to
the PMGI-coated wafer by raising the wafer until it contacted the PDMS. Contact between
the PDMS and wafer is observed through the mask aligner’s microscope, though the glass
and PDMS, appearing as a dark line advancing across the microscope field of view. We
transfer the membrane from the PDMS to the PMGI-coated wafer by slowly lowering the
wafer away after this contact. While the PDMS is rigid for fast motions, it flows more like
a liquid for slow motion, and the coated wafer retains the membrane as they separate. This
transfer method is adapted from the method reported by Castellanos-Gomez et al. [24].
For our future experiments we want to have the 2D membrane form one plate of a
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FIG. 1. The lithographic process to fabricate the suspended membrane structures starts with (a)
a metallic structure on a substrate that is then (b) coated in PMGI. There are two variants to
proceed. The first has the device patterned with e-beam lithography (c1) to open clamp windows
to the metal. A 2D crystal membrane is placed over the resist-covered electrode (d1) and the chip
is spin coated with (e1) two molecular weights of PMMA. This allows e-beam lithography to define
clamping areas (f) for metal evaporation and lift off (g). The membrane is left freely suspended
above the electrode by dissolving the PMGI in n-methyl-2-pyrrolidone and critical point drying (h).
The second method has the membrane placed on the PMGI on step (c2), and the sample coated
in two molecular weights of PMMA (d2). Step (e2) is a standard electron dose to pattern metal
clamping areas for the membrane, and a high dose to pattern both the PMMA and PMGI following
the process developed by Cui et al. [23]. Both processes are identical between steps (f)-(h). Image
(O1) shows a stamped graphene membrane as in (d1).
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FIG. 2. Cross-sectional schematic picture of a finished device and the characterization technique.
The separation tg is nominally set by the sacrificial resist thickness. Light will transmit and reflect
at the interfaces of the different materials, causing interference which depends on the wavelength,
thicknesses and indices of refraction.
vacuum-gap capacitor embedded in a resonant inductor-capacitor (LC) circuit. Vibrations
of the membrane change the capacitance, changing the resonant frequency, enabling a strong
electro-mechanical coupling. Similar systems using metallic thin films at cryogenic temper-
atures have proven to be a rich environment for probing the quantum regime of mechanical
systems [25]. We are working to make lighter membranes using 2D materials where we sus-
pend a graphene or NbSe2 membrane about 100nm above an aluminum electrode[ref - your
thesis in progress]. In the devices described here we place the graphene or NbSe2 membrane
above a circular aluminum electrode on the PMGI layer, and follow the procedure described
below to make electrical connections and remove the PMGI, suspending the membrane.
The lithography process is shown schematically in Fig. 1. The process has two variations,
and is based on selectively changing the solvent compatibility of polymethylglutarimide
(PMGI) resist based on electron beam dose [23]. In both processes, a sacrificial layer (PMGI)
coats the bottom layer of metal (Fig. 1(b)).
The first method has the PMGI layer patterned with a standard dose (∼300 µC/cm2) and
developed in AZ developer. This patterning opens via windows into the bottom metal layer
but leaves the electrode covered in resist (Fig. 1(c1)). It is at this point that the membrane
is stamped onto the chip (Fig. 1(d1)), then a bilayer of polymethyl methacrylate (PMMA) is
spin coated onto the sample (Fig. 1(e1)). The bilayer consists of 950k molecular weight over
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495k molecular weight PMMA that allows for an undercut profile and clean metal lift off
(Fig. 1(f)-(g)). Figure 1(O1) is an optical image of a graphene membrane placed on PMGI,
representing the step of Fig. 1(c1).
The second method has the 2D crystal placed at step Fig. 1(c2), then the two layers
of PMMA are coated on top (Fig. 1(d2)). The PMMA can be patterned with an electron
beam dose of ∼300 µC/cm2 (low dose) and developed in a solution of methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) (1:3 ratio). At this dose, the PMGI is not soluble in
MIBK/IPA and remains as a support for the membrane. If the applied dose is increased
to > 1500µC/cm2 (high dose), the PMGI also becomes soluble in the MIBK/IPA mixture.
This allows a low dose to define metal clamping structures over the membrane, then a high
dose can be used to remove areas of developed PMGI where metal contacting vias are needed
between top and bottom metal layers (Fig. 1(e2)). The benefit of this method is that one
step of electron-beam lithography can be used to create this structure, however the extra
dose may dama
In both methods another layer of metal is deposited by electron-beam evaporation
(Fig. 1(f)-(g)) which connects the membrane electrically and provides mechanical support,
allowing the sacrifical PMGI layer underneath to be removed. We dissolve the PMGI in
n-methyl-2-pyrrolidone (NMP), suspending the membrane from the top metal layer. The
sample is dried by slowly replacing NMP with acetone and then IPA and performing critical
point drying in CO2.
This process also allows for the formation of air bridge structures to connect only where
desired to the bottom metal layer. This can be seen in Fig. 3, where air bridges of aluminum
help connect the inner portion of a spiral inductor to the outer portion.
III. INTERFEROMETRIC COLOUR ANALYSIS
The colour of the membrane, as seen from top down on the sample, is a function of both
the optical and geometric properties of the structure. Measurement of this colour can give
a rapid and non-destructive determination of both the thickness of the membrane dm (or
number of layers m = dm/l where l is the thickness of a single layer) as well as the gap it is
suspended above the electrode d.
Consider light of wavelength λ (frequency ω) illuminating the suspended membrane from
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FIG. 3. A completed device, showing a spiral inductor coupled to a transmission line (top).
A NbSe2 membrane is placed over an electrode at the centre and air bridges connect the inner
electrode to the outer loop.
above (figure 2). At the interface between air n0 = 1 and the membrane with complex
refractive index n˜1(ω) = n1(ω)+ iκ1(ω), a portion of the light will be reflected and a portion
transmitted, given by the Fresnel equations [26]
r0,1 =
n0 − n1
n0 + n1
, t0,1 = 1− r0,1, (1)
for normal incidence. This partial reflection and transmission occurs at the other surface of
the membrane, as well as at the bottom aluminum electrode.
We can use the transfer matrix method [27, 28] to determine the total reflection r and
transmission t from the device. A wave traveling forward toward the substrate at normal
incidence in a material of thickness di with refractive index n˜i, has a wavevector given by
kz,i =
2pin˜i
λ0
. The total reflection (r) and transmission (t) from the stack can be related by1
r
 = M˜
t
0
 , (2)
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with M˜ given by
M˜ =
 1 r0,1
r0,1 1
M1M2 · · ·MN−1. (3)
For each of the N layers of the stack, we have the Mi matrix
Mi =
e−idikz,i 0
0 0
 1 ri,i+1
ri,i+1 1
 1
di,i+1
. (4)
Over the visible range, the complex refractive indices of aluminum [29], graphene [22], and
NbSe2 [30] have been well characterized.
The sensitivity of the reflectivity to thin layers of graphene over a Si/SiO2 substrate has
been used since its discovery to rapidly identify the material[21, 22]. This effect is used here
more generally. When illuminated by white light, the varying reflectivity with wavelength
gives the suspended membrane different colours depending on the membrane thickness and
suspension height when observed with a microscope. Measuring the reflectivity over all
wavelengths would allow for both the membrane thickness and air gap to be determined.
We show here that even a colour camera without special filters can do the same.
We use a transfer matrix calculation program written in Python based on the tmm [28]
package to calculate reflectances over the optical spectrum. The Python package Col-
orPy [31] allows us to combine the reflectivity as a function of wavelength to simulate
the apparent colour of the stack, and to compare both qualitatively and quantitatively to
the fabricated devices.
A stack consists of a semi-infinite air layer above the membrane, then an air-filled gap,
then a semi-infinite aluminum layer. We use the International Commission on Illumination’s
(CIE) D65 illuminant (white daylight) in the simulation. Fig. 4(a) and 4(b) are plots showing
the expected colours as the gap d and number of layers m are changed for both graphene
and NbSe2. There are periodic changes in expected colour as the gap distance are changed.
However the periodicity isn’t perfect as the thickness or gap are changed, and distinctions
can be made due to a change in the lightness of the colour. At larger m (not shown in plots),
the colour variations cease as the material reaches the colour of the bulk material.
We quantitatively measure the colours using images taken with a Carl Zeiss Axio Im-
ager A1m microscope. Care is taken to colour balance the microscope camera against an
unfocused image on white paper. In order to compare colours from the simulation to the im-
age, we make use of the CIE colour difference function (CIEDE2000 implementation [32]),
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FIG. 4. Simulation of colour, as viewed from above, of a graphene/air/aluminum stack (a) and
NbSe2/air/aluminum stack (b). The colour is a function of both the number of crystal layers m
and gap distance, d.
typically noted as ∆E. For ∆E, the 24 bit (RGB) pixel values are converted from this
colour space to one based on lightness (L), red-green opponent colours (a) and blue-yellow
opponent colours (b), called the Lab colour space, which is required for ∆E comparisons.
Figures 5 and 6 show some examples of devices made from graphene and NbSe2 respec-
9
FIG. 5. Optical images of manufactured graphene devices (a,e) compared with atomic force mi-
croscopy (AFM) scans (b,f). Cross section plots of the number of membrane layers and gap distance
are calculated using the colour comparison technique. Figure (c) and (g) plot the estimated gap
separation against the measured AFM profile of the same graphene device (along the red arrow).
The red rectangles in the circular membranes indicate the area, along the greater rectangle length,
used in the cross sectional plots [with (c,d) corresponding to the cross section of (a), and (g,h)
corresponding to the cross section of (e)]. The plots (d) and (h) show estimates of the number of
membrane layers. Black scale bars in the optical images indicate a distance of 5 µm.
tively. In the graphene optical images we see large changes in colour due to wrinkles, sagging
and a varying number of layers. The thicker NbSe2 membranes are more rigid and show
smaller variations in gap and thickness. Comparing the colours of the membranes in optical
photos (Figures 5(a) and (e) and 6(a) and (c)) with the simulation results in Fig. 4(a) and
4(b), it is possible to fit the number of crystal layers and the gap separation by minimizing
∆E.
We take small sections of optical membrane photos to find the average and standard
deviation of the RGB colour values. Minimization of ∆E as a function of m and d is
done through an optimization routine where the derivative or second derivative need not be
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FIG. 6. Optical images of manufactured NbSe2 devices and cross section plots of the number of
membrane layers and gap distance. The red rectangles in the circular membranes indicate the
areas used in the cross sectional plots [with (b) corresponding to the cross section of (a), and (d)
the cross section of (c)]. The plots show estimates of the number of membrane layers and the gap
thickness at positions along the greater length of the red rectangles. Black scale bars in the optical
images indicate a distance of 5 µm. No AFM images were taken of the NbSe2 membranes to avoid
air or tip-induced damage.
specified. In this work, the Nelder-Mead method is used to minimize, and does not require
the calculation of derivatives [33]. Because the colour is non-monotonic, the minimization
requires reasonable initial starting points for d and m so as not to converge on spurious
points with similar colour. We use the known thicknesses of the spin-coated resist and
the evaporated metals to have good estimates of d to start, and the transparency of the
membrane gives a good starting point for m. Uncertainties in the fit values were determined
statistically using the standard deviations of the measured colour as weights.
Breaking up an optical image into a series of smaller rectangular images, we fit to find of
the number of membrane layers and the gap distance simultaneously across the suspended
area. The optical colour measurement of gap and number of layers is performed along the
diameter of the circle in the image (red rectangles in Fig. 5 and Fig. 6) which gives a line
cut of gap separation. The number of layers for the graphene membranes is also estimated
and plotted in Fig. 5(d) and (h). The device in Fig. 5(a) has some steps in the number of
layers over the suspended area, with a variation in height of 35 nm across the diameter. The
other graphene sample, device Fig. 5(e) appears to be a constant 9.0± 0.4 membrane layers
thick, with a noticeable 60 nm sag over the circle.
We validate these results by comparing to AFM images taken with an Asylum Research
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MFP-3D Origin+ AFM, shown in Fig. 5(b) and (f). The scans of the surface were in the
attractive regime of tapping mode operation and the atomic force microscope (AFM) used
Al-coated Si tips with a spring constant of 2 N/m. The height recorded by AFM scan
of the surface should equal d + dm, and corresponds closely optically-determined to the
gap separation d, as seen in figures 5(c) and 5(g) which compare the line scans to the
estimated colour gap fits along the diameter of the graphene. The profiles constructed from
the AFM scans and optical images follow the same trends, but there are discrepancies in
the displacements determined from the two methods - though much of the difference can be
attributed to averaging the optical signal over a larger area than the AFM measures. Raman
spectra of the graphene membranes (not shown) are consistent with membranes 5-10 layers
thick, due to the shape of the 2D peak [16, 34].
The same fitting is done with NbSe2 membrane devices but without the comparison to
AFM. NbSe2 samples were thicker, with a constant gap distance as expected due to their
even colour. The sample shown in Fig. 6(a) was determined to be 33.0 ± 1.4 layers with
a gap of 126.0 ± 2.2 nm. The device seen in Fig. 5(c) is 44.0 ± 0.9 layers with a gap of
123.1 ± 3.0 nm. The NbSe2 samples (stored in a nitrogen glove box) were not scanned
by the AFM as they are due to used in subsequent experiments and exposure to air while
scanning the material may cause irreversible damage [17, 18].
IV. SUMMARY
We have developed a fabrication technique to create electromechanical devices using ex-
foliated crystal materials. The technique uses exfoliated membrane crystals that are aligned
over an area coated in PMGI resist. Circular membrane sections with diameters of over
10 µm can be released and embedded in a larger circuit. The process uses a solvent release
that avoids harsher techniques like hydrofluoric acid or reactive ion etching.
We have generalized the well-known enhanced optical contrast of thin membranes due to
thin films to study suspended 2D membranes. Colours produced by optical interference can
be measured using a simple digital camera, and can be used to measure both the thickness
of the membrane and height of suspension, without the potential damage from scanned
probes, high intensity lasers or electron microscopy. These measurements are consistent with
data from atomic force microscope images, and can be used for rapid and non-destructive
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characterization of suspended membranes.
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